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S~ NOTATION

., aj Sonic velocity in the jet

- Cd Sectional profile drag coefficient from momentum loss in wake,
corrected for additional mass efflux of the jet

. Cd Section profile drag coefficient as measured by rake, uncorrected
rake for jet efflux effects

,'.,, C• Sectional lift coefficient

SC Maximum sectional lift coefficient obtainable within test C
r."max limitations

C ImPitching moment coefficient about the midchord
. .. m0

Cp Pressure coefficient

• .. C Momentum coefficient

b c Chord length

id Sectional profile drag corrected for jet mass efflux

I~ lSIe• ctional equivalent drag
ii i ::: h/c Slot height-to-chord ra tio

SH II[". /de a quivalent section lift-to-drag ratio

"-. M crt Critical Mach number

:, Jet Mach number

t mass efflux, slugs/see

't , Pd Duct (plenum) total pressure

V Free-stream total pressure

• -- PFree-otream static pressure

q• Free-stream dynamic pressure

R Universal gas constant

•s • W•el platf orm area

l Td D~uet (pleoum) total temprature. "
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I
Jet velocity

j
V Free-stream velocity

x/c Dimensionless chordwise position

ci Geometric angle of attack

4.y Ratio of specific heats
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ABSTRACT

A circulation control elliptic airfoil section with a
15-percent thickness-to-chord ratio which incorporalas a
spiral trailing edge was evaluated subsonically to
determine its aerodynamic characteristics. The spiral-
shaped Coanda surface was previously evaluated with a
different leading edge. The airfoil designated NCCR 1505-
"7567S has an uncambered forward half and a cambered aft
portion resulting in a 0.005-percent camber for the profile.
"This particular combination of camber was selected because

* i it was analytically predicted to have good critical Mach
number characteristics in the range of interest. The range
of momentum coefficient was limited due to the relatively
early )nset of Coanda jet-tunnel floor interference;
however, lift coefficients in excess of 4.25 were produced
at momkntum coefficients of 0.16. Equivalent lift-to-drag
ratios in excess of 40 were also produced when lift
coefficient reached approximately 1.0.

ADMINISTRATIVE INFORMATION

The work presented was conducted in 1976 at the David W. Taylor Naval Ship

Res, rch and Development Center (D'rNSRDC) for the Naval Air Systems Co-and

(AIR-320D) under Project E1emnt 63203N and Task Area W0578.

INTRODU(•'TION

Tangential blow;.ng over the bluff trailing edge of elliptical airfoil sections

iax beep shotn to pro.tuce high-lift augmentation at relatively low blowing levels

over a ra~ee of anglev of attack. Because of the Coanda effect employed by these

airfoils, the jet shee. remains attached to the bluff trailing edge due to a

balance between the centrifugal force and the reduced pressure at the wall.

Initially, the Coanda jot acts as an effective bouudar% layer control mechanism by

entraining the upstream flow. At the higher blowing rates, there is substantial

"miwvetnt of the stagnation points with an aceompanying increate in circulation.

In the present invcatigation. the subsonic characteristics of A 15-per•eut

. cambered elliptic airftoil aection tare experimentally examined. The Airtoil is one

of a series of live be ug used in a circulation control airfoil develupwat piogra=

at DThSRDc to determinw the effect of leading and trailing edge geometry on

performance.1-36 The Conwda s•rtace employed on this airfoil is the sm as thb-t

evaluated previously on model NCCt 1510-7567S.

*A eosplete listing of referetwes is given on page 11.
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MODEL AND TEST APPARATUS

"The airfoil profile designated NCCR 1505-7567S is based on an analytically

defined ellipse with an 8-in. major axis. (chord) and a 15-percent thickness-to-

T.hord ratio; see Table 1. Modifying the ellipse to produce the desired Coanda

surface trailing edge shape reduces the chord to 7.991 in. An upper surface Jet

slot is placed at the 0.97-percent chord position. The forward portion of the

model, x/c < 0.5, is uncambered with a leading edge radius-to-chord ratio of 0.02137,

which is 190 percent that of the pure ellipse. For x/c > 0.5, a circular arc camber

of 0.01 percent was applied. This particular combination of camber was selected

"because the airfoil was analytically predicted to reach critical Mach number outside

. a selected range of lift coefficients and angles of incidence. Also, the cambered

aft portion was available from a model previously evaluated. Coordinates as input

- for model construction are list ad in Table 2.

The outet shell of the mocel is constructed of wood with an internal steel

plenum chambe" through which air for the Coanda jet is introduced. The jet (slot)

exit is the t troat of a converging nozzle formed by the internal geometry of the

Coanda surface and the underside of a knife-edged aluminum blade. The Coanda

surface itself is a spiral with the smallest radius of curvature at the slot. An

undercut surface is used on the aluminum blade to ensure that the flow will exit

tantentially to the airfoil surface; see Figure 1. .,iot height is adjusted

through the use of pitch screws.

Two-dimensional tests were conducted in the IS- by 20-in. subsonic wind tunnel

with a vtnted test section and plexiglass walls.* The model was pressure-tapped at

centcr spau. Lift and pitching moment coeffiejents were obtained by numerical

i _natgration of pressure tap readings as recorded on a multiple-port seanivalve

reAdout system. These coefficients vere eorreeted by the addition of jet reaction

"compouetntS. Standard so.,id blockage eorreetions4 were applied to the measured

irce-stream dynamic pressure; no wake blockagv factor was used because of the

* uncertain effects of the jet.

Drag measuretnt! were made by using a drag rake placed approximately l.S

chord lengths dou.tstrean of the model inelined at 10 deg to the tree stream. The

rakc omploys 54 total and 8 utatic tubes, with the heaviest concentration of tubes

Sotear the center height. The woeentu-m deficit methods of Kett and Jones 5 vre then

used to determine the drag coefficient. Since nelther method accounts for the

*-.0 additioual itw-entum introduced by the jet. a term of 6V/qs was subtracted from

Lhe calculated drag.
S0-



TABLE 1 -DESIGNATION FOR CCR AIRFOILS

NCCR 1516-7464N

N.avy Circulation Control RotorI Descriptor for Coanda Surface

E - elliptical

C - circular arc

N - nominal circular arc

S - spiral

D - dual blowing (double
ended)

Trailing Edge bluffness:

Airfoil thickness ratio in
percent actual chord measured
at slot location (6.4-percent
thickness as shown)

Slot Location:

This is the second and third digit of
the slot location measured from the
nose in percent actual chord (97.4
percent as shown)

Camber:

The maximum camber in percent virtual chord is
one-tenth of this value (1.6 percent as showo)

Thickness:

Airfoil thickness ratio in percunt virtuAl chord (15 per-
cent show)

% %
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TABLE 2 Two-Dimensional Model Coordinates for Uppr and Lower Surfaces

UPPER SURFACE LO%;.FR SURFACE

x Y x Y

0 0.081 LEADING EDGE f 0.081

0.010 0.141 0.010 0.020
0.030 0.181 0.020 0.000

0.050 0.205 0.040 -0.031
(1072 0.225 0.060 -0.051

0.129 0.257 0.129 -0.093
0,243 0.306 0.243 -0.143
0(357 0.346 0. - -0.182
0.584 0,408 0.52? -0.230
0.811 01456 0.754 -0.282
1.038 0.497 1.095 -0.342
1.379 0.546 1 436 -0.396
1.890 04603 2.118 -.0.459
2.345 0.639 2.743 -0.499
I2800 0666 3.3U -0.523
1254 0684 3.822 -0531
31709 0,693 4.429 -01529
4.050 0.6S 5,152 -0.515

I, 4.796 0.682 5.876 -0,484"

5.209 0664 6.601 -0.4211
5860 0.616 7100 -0.369
6 ,230 0579 7 329 -0,335
-950 0474 7.457 -0.312
73600.392 7.6m3 -0.231
7.502 0 35O, 7.760 -0.225

7641 0314 7.10 -0.180
7 719 0.90 7.850 -0138
7 750 O265 7.M90 -0070

- 7.810 0239 7.910 -0010
7 90 0151 7.915 0.040
I 7sis 0040 TIRAILINU EWIE

6 "4
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To ensure that test conditions were as close to two-dimensional flow as

possible (especially at high-lift conditions), wall blowing was employed. Two sets

of plenums were embedded in each of the tunnel walls--one ahead of the leading edge,

the other at approximately the 70-percent chord position. The blowing rates of the

two sets of wall jets were adjusted independently and in accordance with the model

K, blowing rate. The wall jets were used to energize the wall boundary layer to

prevenL separation and reduce the vorticity associated with induced effects. Span-

wise pressure taps were employed to record the lateral pressure distributioa as

indication of two-dimensionality.

The level of blowing is expressed by the momentum coefficient, C where

CC = 11I(q s)

Mass flow rate, i, was measured by a calibrated orifice plate inserted in the

"supply line. Jet velocity was calculated by assuming iaentropic expansion from

duct stagnation pressure to the frue-stream static pressure as follows:P Y-/ 1/2''I
., v -ajNj- 2RT d I-

A series of runs were made at free-stream dynamic pressuros from 20 to 50

lb/ft corresponding to a model keyiolds number range fromn 0.524 x 10 to 0.825 x
10 (Fivw ;c 2). No significaut effect on the data over this Roynolds number range

S was uotid, atid q. - !U Wit s choseb/f" a sh n to Allow for a wider range of C,, due to

""ilmits ou the allovable internal duct press~reý.

RESULTS AN. OISL'JSSION

the characteristics of a modiieid cambered I5-porceut ellipse with a spiral

trailineg edge vas evaluated for three slot height-to-chord ratios of 0.0015. 0.0010,

and 0.0022 for angles of attack of -20 to 10 deg And ný utum coefficients ranging

from 0 to 0.165. The range of the nuewntum coefficient is aLOthat limited due to

tOw relativtly early onset of jot-tutnei floor inter.erence. Figure I depiets the

variatioa of mede-tum coefficieut with duct pressure for th• three slot height-to-

chord ratios for the test dytnmic pretsure of 210 lb/ft. The expausion uo7 the slot

caused by pressurization of the duct at hWe 0.0015 isi rihow in Figure 4. Utese

Le 5



data were obtained by pressurizing the duct and measuring the resulting slot

height with a thickness gage under quiescent tunnel conditions.

LIFT

Figurea 5a and 5b show the sectional lift coefficient as a function of momentum

coefficient for h/c = 0.0015, 0.0010, and 0.0022. The data are also presented on an

expanded scale and as a function of the square root of the momentum coefficient in

"Vi Figures 5c, 5d, and 6. Although all recorded data are included for completeness, a

hatch mark appears in these figures to indicate the point at which disturbance of a

set of floor tufts placed behind the model was visually noted, indicating the onset

of jet-tunnel floor interference. There is, of course, the possibility that inter-

ference effects are occurring at lower C- values. The general level of disturbance

* in the tunnel was high at a = +10 and -20 deg; therefore, no definitive interference

point could be observed.

For h/c = 0.0015, as indicated in Figure 5a, maximum lift coefficient occurs

at progressively lower values of momentum coefficient at a - 0, 2, 6, and 10 deg;

this coincides with a loss in the leading edge suction peak. For the negative

angles of incidence, the lift coefficient continues to increase with increasing C

"Maximum lift coefficient for this airfoil is 4.28 reached at a = -2 deg for

C= 0.159. A brief experiment was performed, and results indicated that higher

values of C can be generated, if sufficient clearance between the model and the
max

tunnel floor can be provided. At a - -2, -4, and -8 deg, the pressure distributions

do nut reveal any evidence of lower leading edge separation bubbles; however, at

a -12 deg under nonbluwing conditions, such a separation bubble does exist.

Initially, the flow is separated along the entire lower surface of a - -20 deg. As

blowing increases, the stagnation point (which is on the upper surface) moves

forward toward the leading edge, resulting in flow attachment at C 0.09; see

Figvre 7. Despite the presence of separated flow, positive values of lift

coefficient are Oroduced for C > 0.04.

A compprison of lift characteristics in Figures 5a and 5b for the three slot

heights sho8W. that, in general, a higher lift coefficient is obtained for a given

momentum coefficient at h/c - 0.0015. An exception to this is observed when

comparing the low momentum coefficient data on the expanded scale plots of Figures

Sc and 5d. ln this range, the h/c 0.0010 data show either the same or improved

6
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performance in relation to the larger slot height at the incidences tested. The

relative performance of the model at hic = 0.0019 and 0.0022 (Figure 5b), however,

must be viewed with caution. The lift produced at t1e two slot heights is

"- approximately the same until the region at which floor impingement is noted at

h/c = 0.0010.

. Figures 8a and 8b depict the augmentation ratio as a function of momentum

coefficient. Augmentation ratio is defined at AC /C , where AC is the increase
t£

\, Nin lift coefficient above the unblown value for a given C and incidence. A signif-

icant reduction in aurteontation ratio is apparent in Figure 8a at a - -20 and +10

deg and to a lksser extent at a = 6 deg; the remaining data fall within a narrow

" band. In comparing the results in Figures 8a and 8b, the highest maximum augmenta-

tion is found to occur at h/"c = 0.0010. This is the result of the increased lift

coefficient achieved at low values of momentum coefficient at this slot height.

Variation of lift coefficient with geometric angle of attack is shown in

Figure 9. The sjr.,e of the curves iLs similar for nonstall conditions, indicating

that the relatio.;iir- between lift coefficient and incidence is not influenced by

the level of blowing. Good agreement is seen between the unblown case and the

theoretical value of lift predicted for conventional airfoils.

A't The minimum value cf pressure coefficient, C , on the airfoil as a function
min

of lift coefficient is depicted in Figure 10. Critical Mach number for the airfoil

9 is predicted by applying the Itaman-Tsien compressibility correction to these values

of C . Figure 11 presents Mc4 as a function of the compressible lift
Pmn crit

,.2•' coefficient, 4CC C t(1-4! ) 1/2. Compressibility factor techniques such as
4 crit

Kaman-Tsien do not fully account for the effect of compressibility, particularly in

a region of high acceleration; see Reference 5. Nonetheless, this prediction is

useful as an indication oi high-speed performance. Figure 11 indicates a maximum

.4Me in exce~s of 0.10 at both a zx 0 and -2 deg for a range of lift coefficients.

To complete the diaicussioe of lift eharacteristics, the effect of spanvise

nouuniformity must be tonsidered. Although wall blowing waN u1ed to ensure spX\nwise

.- tLwo-diintSionality, the hig,-'.izc coefficients still produced dowtvwash. Thuts, a

determination of the effective angle of incidence was node. For the c-xperimetak

cases selected, potential flow pressure diutributions for several inicdealCn, and the

experimental C vnre determined. The resalting distributions werc then coupared to

the experimental pressure distribution uitil leadiag edge characteristics coincided.

7
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* •The effective angles of incidence for the experimental data are presented in

Figure 12.

DRAG

The variation of a modified drag coefficient with momentum coefficient is

presented in Figures 13a and 13b for h/c - 0.0015, 0.0010 and 0.0022. Data at low

values of momentum coefficient on an expanded scale for h/c - 0.0015 are shown in

Figure 13c. These data result from an integration of the wake deficit using the

method of Betz4 which was modified to account for the additional momentum of the

jet. Cd - C - (OV /qs). The initial unblown drag levels are high due to the
S• ake

nature of bluff trailing edge airfoils; however, with the onset of blowing a

reduction in drag is noted at most angles of attack. Negative drag levels, a

product of effective thrust recovery, are achieved at relatively low values of

momentum for all negative angles of incideuce except az • - -20 deg. Extensive flow

separation on the airfoil lower surface at o - -20 deg results in this high drag

level.

A reduction in the unblown drag leve.. does not occur at a - 10 deg. In this

case, the leading edge bubble, which was followed by stall, tended to prevent drag

reduction. The secondary drag rise at a - 10, 6, and 2 deg coincides with the

degradation in lift coefficient observed in Figure 5a. Drag rise is also noted for

all points where jet-tunnel floor interference is known to occur.

PITCHING MXF-1T

Pitchitg moment is obtained by an iutegratiom of surface pressures. Figure 14

presents the mo•ant about the aidchord, C As 41 fuaction of Mmentum coefficient.

*2 The lift due-to-blowing vector is generally .oz4ated somewhat 4ft of the midehord

because of the suctiw generated over the trailing edge. Augmrted lift therefore

produces a negative pitching motwut.

EQUIVALENT LIF-T0-DRA( RATIO

An equivalent lift-to-drag ratio, LIde, is defitud which takes into aýcouac

"the energy expeuded to produce blowing. Usit " t/4d allouw a direct coaparisut to

be made between the perforiwtce of a circulation control airfoil and an unblowu

,,y , 1 .. •.• _•,, •.•, t 9.. .. '- d :: € l. -. .•b . - C. -• ¶ * - . .. .. s.. _ .o _ . . . ., , • •
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le airfoil. The equivalent drag is defined as:

P
"d = d + comp+ V
e V0

The first term d is the momentum deficit as measured by the drag rake (corrected

for jet efflux). The second term accounts for the compressor power (kinetic energy

fl.4), and the third term is an intake momentum flux (ram penalty).

The compressor power required may be expressed as:

comp= (2 ) RTd ram

if intake losses are assumed to be negligible, then the ram pressure is equal to

the free-stre"m total pressure. For subsonic flows with M < 0.2, Pt P Thus,

the above equation become-:

P1. 2
comp, j

Substituting for P the coeffi.icat form is then:

2V V

Figuren 15a and 15b pre-,*at the lift-to--quivalent drag 4s a fuunction of lift

c oficient for the three slot heighE-co-chora ratios. The m%.xt 1Id generated
is approximately 4A at (;- 0.7. despite the relatively tidh-lft c9eficients

which are generated. YAxim-u efficidncy at a givev anIgl of incidence is p:'oiuced

"at low values of momentum coefficient. This eiphasi-es the neaed to produce high

values of lift coefficieat at low -alu. t of ftomoast coeftficlent to WAiatain high

efficie•cy due to the promineuet of the kinetic oter-y term, C V /2V

Comparing the results for the various slot height-to-churd rotius showe, that

maximum efficiency occurs at h/c .001iS. witt l•wer, but :inilar, rasults for the

SVIAWing Slot heights.

.\



CONCLUSIONS

A 15-percent-thick cambered circulation control airfoil was evaluated

subsonically. The following conclusions are drawn from the experimental data.
- . A maximum iift coefficient of 4.28 is reached at a - -2 deg for C - 0.159.

The experimental results indicate that still higher values of maximum lift
coefficient can be generated if sufficient clearance between the model and the

tunnel floor can be provided.

T The model generated a maximum L/de of 45 at Cz M 0.7. Maximum efficiency

occurs at positive angles of incidence and low values of momentum coefficient.
S.e Neither increasing nor decreasing the slot height-to-chord ratio increases

the se,.tional lift coefficient over that obtained at h/c - 0.0015.
* Application of the Karman-Tsien compressibility correction to the experi-

mental values of C indicates that the critical Mach number is in excess of 0.7
Smin

at both ac 0 and -2 dea.

410
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Figure 5 -Lift Variation vith Momentum Coefficient
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Figure 8 - Variation of Lift Augmentation with Momentum Coefficient
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Figure 8 (Continued)
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Figure 13 - Drag Coefficient Variation with Momentum Coefficient
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Figure 13 (Countinued)
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Figure 15 - Equivalent Lift-to-Drag Ratio
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Figure 15 (Continued)
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